The RNA helicase, nucleotide 5′-triphosphatase, and RNA 5′-triphosphatase activities of Dengue virus protein NS3 are Mg2+-dependent and require a functional Walker B motif in the helicase catalytic core  by Benarroch, Delphine et al.
www.elsevier.com/locate/yviroVirology 328 (20The RNA helicase, nucleotide 5V-triphosphatase, and RNA
5V-triphosphatase activities of Dengue virus protein NS3 are
Mg2+-dependent and require a functional Walker B motif
in the helicase catalytic core$
Delphine Benarrocha, Barbara Seliskoa, Giada A. Locatellib, Giovanni Magab,
Jean-Louis Romettea, Bruno Canarda,*
aCentre National de la Recherche Scientifique and Universite´s d’Aix-Marseille I et II, UMR 6098,
Architecture et Fonction des Macromole´cules Biologiques, ESIL-Case 925, 13288 Marseille cedex 9, France
bIstituto di Genetica Molecolare IGM-CNR, National Research Council, DNA Enzymology and Molecular Virology, I-27100 Pavia, Italy
Received 20 April 2004; returned to author for revision 17 May 2004; accepted 9 July 2004
Available online 25 August 2004Abstract
The nonstructural protein 3 (NS3) of Dengue virus (DV) is a multifunctional enzyme carrying activities involved in viral RNA replication
and capping: helicase, nucleoside 5V-triphosphatase (NTPase), and RNA 5V-triphosphatase (RTPase). Here, a 54-kDa C-terminal domain of
NS3 (DNS3) bearing all three activities was expressed as a recombinant protein. Structure-based sequence analysis in comparison with
Hepatitis C virus (HCV) helicase indicates the presence of a HCV-helicase-like catalytic core domain in the N-terminal part of DNS3,
whereas the C-terminal part seems to be different. In this report, we show that the RTPase activity of DNS3 is Mg2+-dependent as are both
helicase and NTPase activities. Mutational analysis shows that the RTPase activity requires an intact NTPase/helicase Walker B motif in the
helicase core, consistent with the fact that such motifs are involved in the coordination of Mg2+. The R513A substitution in the C-terminal
domain of DNS3 abrogates helicase activity and strongly diminishes RTPase activity, indicating that both activities are functionally coupled.
DV RTPase seems to belong to a new class of Mg2+-dependent RTPases, which use the active center of the helicase/NTPase catalytic core in
conjunction with elements in the C-terminal domain.
D 2004 Elsevier Inc. All rights reserved.
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In RNA virus genomes, mRNA capping is usually
associated with other enzymatic activities, such as RNA-
dependent RNA polymerase and RNA helicase. The mRNA
cap originates from a series of at least three reactions
occurring at the 5V-end of the messenger or viral genomic
RNA during transcription (Bisaillon and Lemay, 1997c;
Shuman, 2001). The first reaction is performed by the RNA
5V-triphosphatase (RTPase) which removes the terminal g-
phosphate from the 5V-triphosphate end of the RNA. All the
above activities are often present in a multi-component
ribonucleoproteic complex competent for RNA replication/
transcription.
Dengue virus (DV) nonstructural (NS) protein 3 (NS3) is a
72-kDa protein that belongs to such a replicative complex and
bears several distinct enzymatic functions (Fig. 1A). A serine
protease activity is found at its amino-terminus (Chambers et
al., 1990; Falgout et al., 1991; Wengler et al., 1991; Zhang et
al., 1992). The minimal domain of 18-kDa retaining protease
activity was mapped to the N-terminal 167 amino acids (Li et
al., 1999). The carboxyl-terminal part of NS3 has been
predicted and demonstrated to possess three different
enzymatic activities: a helicase activity (Gorbalenya et al.,
1989a; Li et al., 1999), a nucleoside 5V-triphosphatase
(NTPase) activity (Li et al., 1999; Suzich et al., 1993;
Warrener et al., 1993; Wengler et al., 1991), and a RTPase
activity (Bartelma and Padmanabhan, 2002). The minimal
domain of 54 kDa for helicase and NTPase activity was
reported to start between residues 160 and 180 and comprise
the full C-terminus (Li et al., 1999). DV belongs to the genus
flavivirus together with other human pathogens as West Nile
virus (WNV), Yellow fever virus (YFV), and Japanese
encephalitis virus (JEV). Flaviviruses are grouped with
pestiviruses [e.g. Bovine Viral Diarrhea virus (BVDV)] and
hepaciviruses [Hepatitis C (HCV)] within the Flaviviridae
virus family. Flaviviridae possess a single-stranded (ss) RNA
genome of positive polarity (+ssRNA viruses). In contrast to
pestiviruses and hepaciviruses, the 5V-end of the flaviviruses
genomic RNA is decorated with the type-1 cap structure
m7G5Vppp5VA2VOm. Not surprisingly, the replication/transcrip-
tion complex of flavivirus differs from that of hepacivirus and
pestivirus in that it bears an additional RTPase activity, and
this activity maps to NS3.
Helicases are able to unwind duplex DNA or RNA
structures by disrupting the hydrogen bonds that keep the
two strands together (Gorbalenya and Koonin, 1993;
Hodgman, 1988). The energy necessary for the unwinding
reaction is provided by the hydrolysis of the nucleoside
triphosphatase (NTP) g-phosphate (usually ATP), yet it is
not known with certainty how the two reactions are coupled
(Ali and Lohman, 1997; Caruthers and McKay, 2002; Kim
et al., 1998; Yao et al., 1997). Helicases have been divided
into five superfamilies (SF) according to the presence of
conserved sequence motifs (Gorbalenya and Koonin, 1993;
Gorbalenya et al., 1989b). All of these proteins present abWalker AQ motif (or motif I) made of a P-loop which binds
the terminal phosphate group of the NTP, and a bWalker BQ
motif (or motif II) responsible for coordination of the Mg2+
ion of the NTP–Mg2+ complex. Both motifs are widely
found in ATP-binding proteins (Walker et al., 1982). For
proteins belonging to the two largest superfamilies 1 and 2
(SF1 and SF2), seven motifs were identified (Gorbalenya
and Koonin, 1993; Gorbalenya et al., 1989b). SF1 and SF2
include DNA and RNA helicases from a wide variety of
organisms such as archaea, eubacteria, eukaryotes, and
viruses and are able to unwind duplexes in 3V–5Vas well as
in the opposite direction (reviewed in Caruthers and McKay,
2002; Singleton and Wigley, 2002). Helicases from the
Flaviviridae belong to SF2, together with helicases from
Potyviridae (+ssRNA viruses), Reoviridae [double-stranded
(ds) RNA], Herpesviridae , and Poxviridae (dsDNA)
(Bisaillon and Lemay, 1999; Kadare and Haenni, 1997).
The three-dimensional structures of various helicases of SF1
and SF2 have been solved (Caruthers and McKay, 2002;
Singleton and Wigley, 2002). They are all multidomain
proteins comprising a structurally conserved catalytic core
domain termed the bNTP-hydrolyzing molecular motorQ
(Singleton and Wigley, 2002). The structurally diverse
additional domains provide or enhance helicase strand
separation efficiency on specific substrates (Singleton and
Wigley, 2002). They also may supply further RNA-binding
sites, docking sites for other proteins, or additional activities
(de la Cruz et al., 1999; Schwer, 2001). The structure of
HCV helicase has been solved both as an independent
NTPase/helicase domain (Cho et al., 1998; Kim et al., 1998;
Yao et al., 1997) and in the context of full-length NS3 (Yao
et al., 1999). The NTPase/helicase domain comprises the
conserved catalytic core and an additional C-terminal
domain which has no structural homology with other
helicase structures (Caruthers and McKay, 2002).
RNA helicase and NTPase activity have been reported
for several members of Flaviviridae testing full-length NS3
and various C-terminal domain constructions, for example,
of DV (Li et al., 1999), WNV (Borowski et al., 2001;
Wengler et al., 1991), JEV (Kuo et al., 1996; Utama et al.,
2000), BVDV (Gu et al., 2000), and most extensively of
HCV (Gallinari et al., 1998; Kim et al., 1997; Lam et al.,
2003; Tai et al., 2001). Both activities are Mg2+-dependent.
The RTPase activity of flavivirus NS3 is putatively involved
in RNA capping. The RTPase activity was demonstrated for
full-length recombinant DV NS3 (Bartelma and Padmanab-
han, 2002), and for a subtilisin-derived C-terminal domain
of 50 kDa of WNV NS3 isolated from infected cells
(Wengler and Wengler, 1993). In both cases, RTPase
activity was reported to be independent of Mg2+. Based
on the observations that a mutation in the helicase Walker A
motif abolished the RTPase activity and that ATP inhibited
the RTPase activity (Bartelma and Padmanabhan, 2002), it
has been proposed that helicase/NTPase and RTPase
activities in the C-terminal 54-kDa domain share at least
part of their active site. However, this proposal is somehow
D. Benarroch et al. / Virology 328 (2004) 208–218210in conflict with the observation that the RTPase activity is
Mg2+-independent (Bartelma and Padmanabhan, 2002;
Wengler and Wengler, 1993). Given the similar reaction
chemistry of both activities, it is difficult to imagine how
NTPase and RTPase could share the same active site, the
former being Mg2+-dependent and the latter not.
There have been no reports on putative structural
resemblance between RNA helicases and RTPases. For
eukaryotic RTPases, two structural families have been
established so far. The first family comprises RTPases of
metazoan, plants, as well as the baculovirus RTPase BVP
which are RNA-specific cysteine phosphatases belonging to
a larger superfamily of cysteine phosphatases. These proteins
contain an extended P-loop motif (HCXXXXXR(S/T)), and
act via the formation of a covalent enzyme-(cysteinyl-S-)-
phosphate intermediate (Ho et al., 1998a, 1998b; Martins
and Shuman, 2000; Srinivasan et al., 2003; Takagi et al.,
1997, 2003; Wen et al., 1998). Their activity is independent
from divalent cations. The three-dimensional structure of
mouse RTPase shows a (phosphotyrosine protein) phospha-
tase II fold (Murzin et al., 1995). The second family
comprises RTPases from DNA viruses (Vaccinia virus,
African Swine Fever Virus, Baculovirus RTPase LEF4),
fungus, and protozoan. These enzymes are strictly divalent
cation-dependent (Gross and Shuman, 1998; Ho et al.,
1998a, 1998b; Itoh et al., 1984; Jin et al., 1998; Shuman,
1990; Tsukamoto et al., 1997; Yamada-Okabe et al., 1998).
In contrast to the first family, they contain an additional
NTPase activity (Ho et al., 1998a, 1998b). The presence of at
least two of three conserved motifs (A, B, and C) has been
defined as a characteristic of this RTPase family (Ho et al.,
1998a, 1998b; Pei et al., 1999). The three-dimensional
structure of a yeast RTPase (Lima et al., 1999) shows a
protein fold completely different from that of RNA-specific
cysteine phosphatases. The divalent cation-dependent
RTPases of RNA viruses, such as alphavirus (Vasiljeva et
al., 2000) and reovirus (Bisaillon and Lemay, 1997a), seem
to lack motifs found in both families. Likewise, flavivirus
RTPases are unclassified yet. As the C-terminal domain of
flavivirus NS3, protein E1 of reovirus (Bisaillon and Lemay,
1997b; Bisaillon et al., 1997), the N-terminal domain of
protein nsP2 of Semliki forest virus (SFV, a +ssRNA
alphavirus) (Gomez de Cedron et al., 1999; Vasiljeva et al.,
2000) and the central domain of the replicase of Bamboo
mosaic virus (BaMV, an alphavirus-like potexvirus) (Li et
al., 2001) carry an additional helicase/NTPase activity. For
these enzymes it was also proposed that helicase/NTPase and
RTPase might share elements of the same active siteig. 1. Schematic representation of NS3 and sequence analysis of the NS3 helicase domain of Flaviviridae. (A) Full-length NS3 is shown schematically
omprising the N-terminal protease domain and the C-terminal helicase/NTPase/RTPase domain. Seven helicase/NTPase motifs are indicated by vertical red
ars. The truncated protein DNS3 comprises amino acids 169–619. (B) The sequence of DNS3 of Dengue virus (DV) is aligned to DNS3 of West Nile virus
WNV), Japanese encephalitis virus (JEV), Tick-borne encephalitis virus (TEV), and the NTPase/helicase domain of Hepatitis C NS3 (HCV). Secondary
tructure elements of the HCV helicase structure (Yao et al., 1997) and of the prediction for DV DNS3 are shown above the sequences (Rost, 1996). Residues
trictly conserved in all sequences are shown with a red background. The black rectangles including all aligned sequences indicate the conserved helicase
otifs I (Walker A), Ia, II (Walker B), III, IV, V, and VI. The residues of DV DNS3 subjected to mutational analysis in the present study are indicated with a red
tar below the sequences (Walker A and B motif residues conserved in all sequences) or above the sequences (residues 513 and 578 in C-terminal domain).F
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Li et al., 2001; Vasiljeva et al., 2000).
In this study we investigate further the characteristics and
interdependence of the helicase/NTPase and RTPase activ-
ities of Dengue NS3 using computer-aided sequence analysis
and biochemical assays of wild-type andmutant proteins. The
helicase/NTPase and RTPase activities were characterized
and found to be strictly Mg2+-dependent. Critical residues in
the Walker motif B and in the C-terminal domain of the
helicase were identified using site-directed mutagenesis. Our
results contribute to the proposition that the flavivirus NS3 C-
terminal domain uses one active center to complete three
interdependent activities. They differ, however, from pub-
lished data relative to the magnesium-dependence of the
phosphodiesterase reactions (Bartelma and Padmanabhan,
2002; Wengler and Wengler, 1993). We propose that
flavivirus NS3 belongs to a new class of Mg2+-dependent
RTPases that use a helicase catalytic core plus additional
elements in a C-terminal domain to express its activity.Results
We have expressed and purified a truncated form (DNS3)
of Dengue virus 2 (Jamaica strain) NS3 devoid of the protease
domain using a gene construct starting at codon 169 (see Fig.
1A). This construct yielded a soluble fragment bearing
helicase, NTPase, and RTPase activities (see below).
Structure-based sequence analysis of flavivirus NS3
helicase/NTPase/RTPase domain
Fig. 1B shows an alignment of DNS3 of three mosquito-
borne flaviviruses and one tick-borne flavivirus, DV, WNV,
JEV, and Tick-borne encephalitis virus (TEV) in comparison
to the helicase/NTPase domain of HCV. The alignment
includes secondary structure elements seen in the three-
dimensional structure of the corresponding HCV domain
(Yao et al., 1997), as well as those predicted using
PredictProtein (Rost, 1996) onto DV DNS3. The conserva-
tion of seven helicase motifs and the characteristics of
Walker motif B and motif VI show that flavivirus helicases
belong like HCV helicase to the DEXH/D-box family of
SF2 (Gorbalenya and Koonin, 1993). Within the catalytic
core (Fig. 1B, up to the vertical red bar at amino acid 475),
HCV and DV NS3 share 16% of sequence identity and the
secondary structure prediction of DV NS3 resembles closely
the structure of HCV NS3. Thus, the helicase of DV NS3
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NS3 and all described helicases of SF1 and SF2 (Caruthers
and McKay, 2002; Singleton and Wigley, 2002). In contrast,
the C-terminal domain (Fig. 1B, after the vertical red bar)
presents only 2% of sequence identity with HCV NS3.
There, we expect less structural resemblance as indicated by
the comparison of secondary structural elements of the C-
terminal domain of HCV NS3 and the prediction for the
corresponding domain of DV DNS3.
NTPase/helicase activity of DV DNS3
The NTPase activity of DNS3 was initially measured by
incubating the enzyme for 30 min at 30 8C with radiolabeled
NTP substrates in the presence of 5 mM MgCl2. The
product mixtures were analyzed using thin-layer chroma-
tography (Fig. 2A). Recombinant DNS3 hydrolyzed the h-g
bond of all four NTPs. We then followed the time course of
purine (ATP) and pyrimidine (CTP) hydrolysis in the
presence and absence of Mg2+. To this purpose, the
conversion of [a-32P] NTP to [a-32P] nucleoside diphos-
phate (NDP) and inorganic phosphate (Pi) was followed
during 30 min. Fig. 2B shows the percentage of hydrolyzed
NTP plotted against time. DNS3 hydrolyses purine triphos-
phate ATP and pyrimidine triphosphate CTP with similar
efficiency, and Mg2+ is strictly required in both cases. The
kinetic parameters for ATP hydrolysis were determined by
measuring initial velocities within a time period of 90 s as a
function of ATP concentration (Fig. 2C), yielding a
Km(ATP) of 108 AM (F47 AM) and a Vmax of 0.055 AM
s1 (F0.006 AM s1). When radiolabeled GTP was used
under the same experimental conditions, hydrolysis of GTP
followed the same time-course rate as for ATP, indicating
that Km(GTP) is near Km(ATP) (data not shown). Helicase
activity was measured by incubation of DNS3 with aFig. 2. The NTPase activity of DNS3. (A) Thin-layer chromatography
(TLC) and autoradiographic analysis of the reaction products of the NTPase
activity on a-32P-labeled ATP, CTP, UTP, and GTP. A single reaction
endpoint (30 min) is spotted beside its corresponding control where DNS3
was omitted. Unlabeled nucleotides were run in parallel as standards and
visualized by UV shadowing. The positions of NDP markers are given on
the left. (B) Time course of the hydrolysis of ATP and CTP by DNS3.
Reactions were performed as described in Material and methods either in
the presence or absence of Mg2+. Samples (1 Al) were withdrawn at 0, 5, 10,
20, and 30 min and analyzed by TLC as in (A). Data points are averages of
two independent experiments. Analysis was done as described in Material
and methods. Data were fitted to a single exponential P = Pmax (1  ekt)
where P is the relative product formation (percent NTP hydrolyzed), Pmax
is the maximum amount of product formed during the reaction, k the
reaction constant, and t the time. Curve fits are used to illustrate the
advancement of the reaction when Mg2+ is present. Curve fitting is not
meant to derive mechanistic insights as it would need more data points at
shorter time periods. (C) Kinetic analysis of the ATPase activity. The panel
shows the initial velocity v i as a function of ATP concentration (see
Material and methods). Data points are averages of two independent
experiments. Data were fitted to a hyperbole v i = Vmax [S]/(Km + [S]), Vmax
being the maximum velocity, [S] the substrate concentration, and Km the
Michaelis constant.dsDNA substrate consisting of a radiolabeled 18-mer and an
unlabeled 66-mer with an overhanging 3V-end (Fig. 3A). The
reaction mixture was analyzed using native polyacrylamide
gel electrophoresis (PAGE). The PAGE profile in Fig. 3B
demonstrates that DNS3 is able to unwind dsDNA, although
with a lesser efficiency than HCV full-length NS3 which
was used as a positive control.
Characterization of a metal-dependent RTPase activity
The RTPase activity of DNS3 was tested on short RNA
oligonucleotides (pppAC3 or pppAC5). Substrates were radio-
labeled either at the terminal g-phosphate ([g-32P] RNA)
Fig. 3. The helicase activity of DNS3. (A) Schematic representation of the
dsDNA substrate used in the helicase activity assay. The asterisk shows that
the d18-mer is radioactively labeled at its 5V-terminus. (B) Autoradiographic
analysis of products of the helicase activity of DV DNS3 and HCV NS3.
Reactions were performed under standard conditions described in Material
and methods, and strand separation was assessed using a gel assay followed
by autoradiography. Reaction mixtures without enzyme and heat-denatured
(D) dsDNA substrate are shown as controls.
Fig. 4. The RTPase activity of DNS3. For all experiments, substrates were
synthesized using T7 DNA primase as described in Material and methods.
Triphosphate pppACn and diphosphate ppACn RNAs produced using either
ATP or ADP and [a-32P] CTP by the primase reaction were used as
migration markers. They are indicated in panels A–D on the left of the gels
and shown in panel D. Reaction mixtures were analyzed by PAGE on a
25% polyacrylamide–2 M urea gel. Radiolabeled products were detected by
autoradiography using a PhosphoImager. (A) RTPase activity of full-length
HCV NS3 and DV DNS3 proteins using [g32P] RNA (*pppAC3) as a
substrate. Both proteins were incubated with the radiolabeled RNA
substrate under standard conditions described in Material and methods.
Upon gel and autoradiographic analysis, RTPase activity leads to
disappearance of the signal from the RNA and appearance of a fast-
migrating radioactive signal corresponding to inorganic pyrophosphate (not
shown). (B) RTPase activity of DNS3 using [a-32P] RNA (pppAC5*) as a
substrate. The reaction is run in the absence or presence of Mg2+, as
indicated. Upon gel and autoradiographic analysis, RTPase activity is
detected by a migration shift between a triphosphate (pppAC5*)- and a
diphosphate (ppAC5*)-radiolabeled RNA. (C) Same analysis as (B) using
pppAC3* as a substrate in the presence of increasing concentrations of
EDTA (0–5–10–15 mM). (D) Mutational analysis of the RTPase activity.
Wild-type DNS3 and proteins substituted within the Walker motifs of the
helicase core domain were tested for RTPase activity in the presence or
absence of Mg2+. (E) Time course of RTPase activity of wild-type and
substituted DNS3 proteins. Reaction products were analyzed as in (D). For
E578A (panel 3), pppAC3* at time point 0 was run in lane 1, it was
included as a marker (M) in panels 1 and 2.
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synthesis by T7 DNA primase (see Material and methods), or
internally using ATP and [a-32P] CTP ([a-32P] RNA). RNA
substrates were incubated with DNS3 in the presence of 5
mM MgCl2, and the reaction products separated by PAGE
on a 25% polyacrylamide-2M urea gel. Using [g-32P] RNA,
the signal disappears upon completion of the reaction as
shown in Fig. 4A. Full-length NS3 of HCV was used as a
control demonstrating that, in contrast to DNS3, it does not
possess RTPase activity. The reaction is dependent on the
presence of Mg2+ as shown in Fig. 3B for the alternative
experimental set-up using [a-32P] RNA. In this experiment,
the RTPase activity is detected as a shift in migration upon
removal of the g-phosphate from the triphosphate substrate.
The pppAC5 substrate is not hydrolyzed when Mg
2+ is
absent in the reaction mixture whereas ppAC5 is generated
when Mg2+ is present. To verify further the dependence of
the RTPase activity on Mg2+, EDTA was added at molar
ratios of 1:1, 2:1, and 3:1 to coordinate Mg2+ in a reaction
where pppAC3 was used as a substrate. Fig. 4C shows that
the RTPase activity is abolished, starting from the molar
ratio of 1:1. Again, this demonstrates that Mg2+ is strictly
required for expression of the RTPase activity.
Mutational analysis of DV DNS3
Mutants were designed to investigate both the question
of Mg2+-dependence of the RTPase activity and the
interdependence of helicase/NTPase and RTPase activities.
NTPases and RTPases perform essentially the same
chemical reaction (the hydrolysis of a h–g-phosphodiester
bond). Metal ion-independent RTPases use a covalent
intermediate involving a cysteine in an extended P-loop
motif to perform catalysis. No such motif is present in
flavivirus DNS3. For metal ion-dependent A-B-C-motif
Fig. 5. Mutational analysis of NTPase and helicase activities. (A) CTPase-
activity assays of wild-type and substituted DV DNS3 proteins in the
presence or absence of Mg2+. Reactions were performed under standard
conditions given in Material and methods. Products were separated on
25%–2 M urea polyacrylamide gel followed by autoradiography. The
positions of CTP and CDP markers are indicated on the left of the
autoradiograph. The arrow indicates an additional radioactive component
present in the commercial radiolabeled CTP. (B) Time course of purine
(ATP) and pyrimidine (CTP) hydrolysis by the R513A protein in the
presence or in the absence of Mg2+. The reaction was followed by TLC.
Data points are the averages of two independent experiments. Data were
fitted to a single exponential as given in the legend of Fig. 2B. (C)
Autoradiographic analysis of the reaction products originating from a
helicase activity assay of D284A, E578A, and R513A proteins. Three
different concentrations of each protein were tested under conditions
described in Material and methods. Products of the reaction were analyzed
on a native 8% polyacrylamide gel followed by autoradiography. Reaction
mixtures without enzyme and heat-denatured (D) dsDNA substrate are
shown as controls.
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metal coordination (Ho et al., 1998a, 1998b). The absence
of these motifs within flavivirus DNS3 raises the interesting
possibility that a helicase motif could play this role. The
helicase/NTPase Walker motifs A and B are involved in
metal coordination promoting the hydrolysis of a h-g-
phosphodiester bond (Caruthers and McKay, 2002; Single-
ton and Wigley, 2002). We introduced mutations in two
residues of the Walker motif B (see in Fig. 1B) in addition to
the mutation of K199 in Walker motif A (motif I). This
lysine residue interacts with the phosphate groups of a NTP
substrate (Caruthers and McKay, 2002; Singleton and
Wigley, 2002) and is essential for the RTPase activity of
DV NS3 (Bartelma and Padmanabhan, 2002).
When the RTPase activity of mutant proteins was
determined, Walker A motif mutant K199A, and Walker B
motif mutants D284A and E285A were unable to remove
the g-phosphate from pppAC5 (Fig. 4D). The coordination
of a catalytic Mg2+-ion by residues in the helicase Walker B
motif seems to be essential for the RTPase activity. To detect
the effect of the mutations on the NTPase activity, wild-type
and mutant proteins were incubated for 30 min at 30 8C with
[a-32P] CTP as described in Material and methods. Reaction
mixtures were separated on a 25%-2M urea polyacrylamide
gel (Fig. 5A). [a-32P] CDP appears as a slower migrating
band exclusively in the presence of Mg2+. Mutation D284A
of Walker motif B affects hydrolysis partially, whereas
mutations K199A and E285A in helicase Walker motifs A
and B, respectively, abolish NTPase activity. Concerning
helicase activity, we tested the effect of mutation D284A
and found that helicase activity was abrogated (Fig. 5C).
As a first approach to elucidate the specific role of the C-
terminal domain of flavivirus DNS3 (from vertical bar at
amino acid 475) in both helicase or RTPase activities we
introduced mutations in two segments that seem to be
different from those of HCV NS3 concerning both sequence
and putative structure (see Fig. 1B). Residue 513 is
conserved within flavivirus NS3 proteins as a bulky
hydrophilic residue able to act as a hydrogen donor, either
Arg in mosquito-borne viruses or Gln in tick-borne viruses.
It is in a helical region of HCV NS3 where no helix is
predicted for DV NS3. Residue 578 is strictly conserved as
a negatively charged residue, Glu or Asp, within mosquito-
and tick-borne flaviviruses. It is found in a sequence stretch
that was predicted to form a h-strand in flavivirus NS3.
The C-terminal domain mutant R513A showed highly
reduced RTPase activity (Fig. 4E). Residue 513 thus
represents an element in the C-terminal domain of DNS3
implicated in the RTPase activity. Mutant protein E578A
retains full RTPase activity (Fig. 4E), indicating that this
residue of the C-terminal domain is not important for
RTPase activity. The NTPase activity is decreased with the
R513A substitution. The partial effect was further confirmed
following NTP hydrolysis vs. time (Fig. 5B) using
experimental conditions as described in Fig. 2B. After 30
min, ATPase activity and CTPase activity were decreased to
Fig. 6. Inhibition of RTPase activity by GTP. RTPase activity of DNS3 was
determined as described in Material and methods in the presence of
increasing concentrations of GTP (0–5–25–50–500–1000 AM). Exper-
imental settings and analysis are those used in Fig. 4C.
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full activity is retained (Fig. 5A). The helicase activity of
R513A and E578A proteins were investigated (Fig. 5C).
R513A abrogates helicase activity. As found for NTPase
activity, E578A had no effect on helicase activity.
In summary (Table 1), mutations in helicase motifsWalker
A (K199A) and, more importantly, Walker B (D284A,
E285A) abrogate RTPase activity. NTPase and helicase
activities depend on intact Walker A and B motifs, as
expected, but they are also affected by a mutation in the C-
terminal domain of DNS3. Mutation R513A affects the
NTPase and RTPase activities partially and abrogates heli-
case activity. We conclude that all three activities of NS3
share catalytic residues in the helicase core domain (Walker A
and B) and functional elements in the C-terminal domain.
Inhibition of RTPase activity by the NTPase substrate GTP
To further test the hypothesis of a common active site, we
measured the RTPase activity using pppAC3 as a substrate
in the presence of increasing concentrations of GTP. As
shown in Fig. 6, RTPase activity of DNS3 is inhibited above
500 AM, whereas it is not significantly inhibited at 50 AM
GTP. Precisely, this range encompasses Km(ATP) and
Km(GTP) values of around 110 AM found for the NTPase
activity, lending further support to the suggestion that
flavivirus RTPase and NTPase share a common active site.Discussion
The recombinant C-terminal domain DNS3 comprising
residues 169–619 of protein NS3 of Dengue virus type 2
bears three enzymatic activities: NTPase, helicase, and
RTPase. In our hands, all three activities are strictly
dependent on the presence of Mg2+ ions. This result
contradicts an earlier report where full-length DV NS3
RTPase activity was inhibited in the presence of Mg2+
(Bartelma and Padmanabhan, 2002). Nevertheless, the
authors observed that the addition of up to 2 mM EDTA
to a reaction mixture containing 1 mM Mg2+ did not
stimulate the RTPase activity as one might have expected inTable 1
Effect of alanine mutations on the NTPase, helicase, and RTPase activities
of truncated NS3
Mutant proteins NTPase
activity
Helicase
activity
RTPase
activity
Walker A K199A  nd 
Walker B D284A +  
E285A  nd 
C-terminal R513A ++  +
domain E578A +++ +++ +++
The three activities were assayed as described in Material and methods.
Activities of each enzyme were determined relative to those of wild-type
protein. +++ means the same activity as the wild type, ++ or + means a
decreased activity, and  means no activity. nd: not determined.the case of an inhibitory effect of Mg2+. In another report,
the RTPase activity of the helicase domain of WNV NS3
was stimulated when 5 mM EDTA was added to the
standard reaction mixture containing 2 mM Mg2+ (Wengler
and Wengler, 1993), thus indicating that the presence of
Mg2+ is indeed inhibitory. We do not have an explanation
for the observed discrepancy with our results. To further
corroborate our observation we tested the effect of
mutations in the helicase Walker B motif on the RTPase
activity. The helicase Walker B motif is involved in Mg2+
coordination. The mutations abrogate not only the NTPase
and helicase activities but also the RTPase activity. This
finding is in accordance with the observed Mg2+ depend-
ency of the RTPase activity. Additionally, the abrogation of
NTPase, helicase, and RTPase activity by mutations in the
helicase motif Walker B strengthens the hypothesis that
these activities share elements in the active site of the
helicase catalytic core (Bartelma and Padmanabhan, 2002).
Furthermore, the RTPase activity of DV DNS3 was
inhibited by the NTPase substrate GTP, which is in
accordance with cross-inhibition observed by others (Bar-
telma and Padmanabhan, 2002). Our observation that the
RTPase activity is Mg2+-dependent solves the contradiction
of two Mg2+-dependent activities and one Mg2+-independ-
ent activity sharing the same active site.
The structure of the catalytic core of the SF2 helicase NS3
of DV, and flaviviruses in general, can be predicted to be very
close to that of HCV NS3 given the sequence identity of 16%
and its secondary structure prediction. For flavivirus NS3,
additional elements should contribute to the emergence of the
RTPase activity. These elements might be in the core domain
as well as in the C-terminal domain. The latter is considerably
different from the corresponding domain of HCV NS3 given
the low sequence identity of 2% and the difference in
secondary structure prediction (see Fig. 1B). Nevertheless,
the C-terminal domain can be expected to be also involved in
the helicase activity, as in the case of HCV (Kim et al., 1997).
The core domain alone might not be sufficient for a
processive unwinding activity, as it is the case for eukaryotic
initiation factor eIF4A (Caruthers et al., 2000; Du et al., 2002;
Jaramillo et al., 1991; Rogers et al., 1999). We observed
abrogation of the helicase activity when residue 513 in the C-
terminal domain of DV DNS3 was changed to Ala (Fig. 5C).
This shows that the C-terminal domain is critical for helicase
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activities of R513A in comparison to the wild-type protein
indicates that 513 may play a functional role common to all
three activities.
In conclusion, we contributed to the consolidation of the
hypothesis that flavivirus NS3 contains an integrated heli-
case/NTPase/RTPase domain with one common active site.
They require a functional Walker B motif implicated in the
binding of a catalytic Mg2+ ion. Structurally, the helicase/
NTPase/RTPase domain seems to consist of a classical
helicase catalytic core and a novel C-terminal domain both
containing elements of importance for all three activities.
Thus, the RTPase of flaviviruses seem to belong to a new
family of Mg2+-dependent RTPases that use the active
center of a classical helicase catalytic core and elements of
an additional C-terminal domain to express its activity. The
hypothesis of one active center shared by NTPase/helicase
and RTPase is not novel. There are two viral proteins,
BaMV and SFV helicase, where the three activities seem to
be hosted within the same sequence space of approximately
400 amino acids including the helicase catalytic core
domain of approximately 220 amino acids. For both
proteins and reovirus E1 it was proposed that helicase/
NTPase and RTPase share some elements of their active
sites (Bisaillon and Lemay, 1997a; Gomez de Cedron et al.,
1999; Li et al., 2001; Vasiljeva et al., 2000). In addition to
further mutational analysis, structural data are awaited to
cast light on these multifunctional viral proteins.Material and methods
Protein expression and purification
The His6-DNS3 protein was expressed in Escherichia
coli BL21(DE3)/pDNAy and purified as follows. One-liter
cultures of E. coli BL21(DE3)/pDNAy/pDest17-DNS3 were
grown at 37 8C in LB medium containing 100 Ag/ml
ampicillin and 50 Ag/ml kanamycin until OD600 reached 0.5.
The cultures were adjusted to 2% ethanol, induced with 50
AM IPTG, chilled on ice for 2 h and then incubated at 17 8C
overnight with continuous shaking. The recombinant His6-
DNS3 protein was isolated from the soluble bacterial
extracts by nickel-agarose affinity chromatography and
recovered in 500 mM imidazole eluate fractions. A second
purification step consisted of size-exclusion chromatogra-
phy (Superdex-200; Pharmacia). The buffer used was 10
mM bicine, pH 7.5, 300 mM NaCl, 10% glycerol.
Site-directed mutagenesis
Plasmid pDest17-DNS3 was used as the target plasmid
for site-directed mutagenesis. Mutants K199A, D284A,
E285A, R513A, E578A were constructed using the Quick
Change mutagenesis kit (Stratagene, CA, USA) according
to the manufacturer’s instructions. Mutations were con-firmed by DNA sequencing of the whole construct. The
variant proteins were purified following the same procedure
used for wild-type DNS3. They exhibited a similar behavior
during purification and an identical elution profile upon
analytical gel filtration thus indicating their structural
integrity. Mutants R513A and E578A were checked by
Circular dichroism in comparison to the wild-type protein
and showed no significant shift in secondary structure
content.
NTPase assay
NTPase activity was determined by measuring the extent
of hydrolysis of [a-32P] NTP to [a-32P] NDP and Pi or
alternatively of [g-32P] NTP to NDP and [32P]Pi. Standard
reaction mixtures (10 Al) containing 40 mM Tris–HCl (pH
7.4), 5 mM dithiothreitol (DTT), 5 mM MgCl2, 500 AM
NTP (0.5 ACi [a-32P] NTP or [g-32P] NTP) and 2.8 AM
enzyme were incubated for 30 min at 30 8C. Aliquots of the
mixtures were taken at given time points and spotted onto a
polyethyleneimine-cellulose thin-layer chromatography
(TLC) plate, which was subsequently developed in 0.45
M ammonium sulfate. Reaction products were visualized
and quantitated by scanning the TLC plates with a FUJIX
BAS2000 Bio-Imaging Analyzer. To determine the initial
velocity vi, ATP hydrolysis was followed against time
during a short time period (until 90 s) at different ATP
concentrations. The reactions were carried out as described
above except that enzyme concentration used was 1.3 AM.
The plot of vi against the corresponding ATP concentrations
allows the graphic determination of the maximum velocity
Vmax and the Michaelis constant Km, which are defined by
the equation vi = (Vmax [S])/(Km + [S]), [S] being the
substrate concentration. Alternatively, CTPase activity was
followed by separation of the reaction products on a 25%–2
M urea polyacrylamide gel. Analysis was done using FUJIX
BAS2000 Bio-Imaging Analyzer.
RTPase assay
Reaction mixtures (10 Al) containing 40 mM Tris–HCl
(pH 7.4), 5 mM DTT, 5 mM MgCl2, 1 Al [a-32P] RNA or
[g-32P] RNA substrate, and 500 nM enzyme were incubated
30 min at 30 8C. Aliquots of the mixtures were subjected to
a 25% polyacrylamide–urea 2 M gel in a buffer containing
89 mM Tris–HCl (pH 8.0), 28.5 mM taurine, 0.5 mM
EDTA. The reaction products were visualized and quanti-
tated by scanning TLC plates with a FUJIX BAS2000 Bio-
Imaging Analyzer. [a-32P] RNA and [g-32P] RNA sub-
strates (pppAC3 or pppAC5) were synthesized as described
previously (Egloff et al., 2002).
Helicase assay
The d66-mer (5V-AGGATGTATGTTTAGTAGGTACAT-
AACTATCTATTGATACAGACCTAAAACAAAAAATTT-
D. Benarroch et al. / Virology 328 (2004) 208–218 217TCCGAG-3V) and the complementary d18-mer (5V-GT-
TATGTACCTACTAAAC-3V) were synthetized as described
(Locatelli et al., 2002). For the preparation of the 5V-end-
labeled d18:d66-mer DNA duplex substrate, the d18-mer
primer was labeled with T4 polynucleotide kinase (Ambion)
and [g-32P]ATP according to the manufacturer’s protocol.
After removal of unincorporated ATP using a Sephadex G-25
column, the 5V-end labeled primer was mixed at 1:1 molar
ratio with the d66-mer template in 20 mMTris–HCl (pH 8.0),
containing 20 mMKCl and 1 mM EDTA, heated at 65 8C for
5 min, and then slowly cooled to room temperature. The
concentrations of the d66-mer and d18-mer were calculated
according to their molar extinction coefficients (758760 and
193820M1 cm1, respectively). The helicase activity assay
was performed in 15 Al reaction volume containing 200 nM
protein, 5 mM Tris–HCl (pH 7.5), 5 mM MgCl2, 25 nM
labeled duplex DNA substrate, and 5 mM ATP. The reaction
was incubated for 20 min at 25 8C, and then stopped with 1 Al
of termination buffer (10% glycerol, 0.0015% bromophenol
blue, 0.0015% xylene cyanol FF and 10 mM EDTA).
Aliquots were analyzed on a native 8% polyacrylamide gel.
The intensities of the radioactive bands corresponding to
ds18:66mer and ss18mer were quantitated by densitometric
scanning using PhosphoImager.Acknowledgments
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